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structure in the three IgGs whose structures have been
solved, while the relative positions of the subunits differ
dramatically (Saphire et al., 2002). The Fab arm is rotated
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packed differently. It is difficult to draw conclusions
about the flexibility of IgG from the crystal structureIn contrast to averaging methods of determining struc-
ture, such as X-ray diffraction, NMR, and single-parti- analysis alone, since differences in the structure that are
observed may result from difference in packing forces.cle tomography, cryo-electron tomography allows
three-dimensional imaging of an individual object in Atomic force microscopy and electron tomography
are the only two techniques used for three-dimensionalsolution. The method has previously been used to
study cells and very large macromolecules. We have imaging of molecules that do not depend on the averag-
ing of many (hundreds to billions) of molecules. Mole-used cryo-electron tomography to analyze a mono-
clonal IgG, with a molecular weight of only 150 kDa. cules are immobilized on a surface during atomic force
microscopy, and this constrains their conformation.Tomograms reveal y-shaped IgG molecules with three
protruding subunits. Docking X-ray structures enabled Cryo-electron tomography allows us to reconstruct indi-
vidual hydrated objects. The method is limited to lowus to recognize the three subunits as two ellipsoidal
Fab arms and a heart-shaped Fc stem. Each subunit resolution, but it can be used to study dynamic struc-
tures, such as large macromolecular complexes (Taylorhas a similar structure in the tomograms and in the
X-ray map. Notably, the positions of the Fab arms et al., 1999), and to perform in situ analysis of whole
eukaryotic cells (Medalia et al., 2002). We present hererelative to the Fc stem differed greatly from one mole-
cule to another. The large flexibility of IgG in solution three-dimensional structures of monoclonal IgG de-
termined by electron tomography. Visualization of indi-is most likely of functional significance in antigen rec-
ognition. This distribution of individual structures pro- vidual molecules allows us to investigate different
structures that exist in solution and detect large confor-vides a qualitative insight into the system dynamics.
mational variability. We have also carried out docking
and correlation analysis between the tomographic andIntroduction
crystal structures of IgG2a.
Antibodies are a crucial part of our immunological de-
fense system. They bind to foreign agents and target
Results and Discussionthem for destruction. The major type of antibody in blood
is a glycoprotein, with a molecular weight of 150 kDa,
Three-Dimensional Volume Renderingknown as immunoglobulin G (IgG). Three complete
of Individual IgG Molecules in Solutionstructures of intact and functional antibodies (sub-
Monoclonal murine IgG (subclass 2a) was prepared asclasses human IgG1, murine IgG1, and murine IgG2a)
described in Okret et al. (1984). Ultrathin films of IgGhave been solved by X-ray diffraction analysis (Harris
were plunged into liquid ethane at 175C. The rapidet al., 1992, 1998b; Saphire et al., 2001). The structures
freezing rate obtained using ethane, greater thanshow that IgG consists of three segments, which will
100,000 K/s, ensures that the specimen is vitrified andhere be referred to as “subunits.” These subunits are two
it prevents crystals forming (Adrian et al., 1984). Theidentical fragment antigen binding arms (abbreviated as
conformation of the protein is preserved during this“Fab” arms) and one stem that crystallizes easily, known
rapid freezing, and the molecules are captured in a hy-as the “Fc” stem. The Fab arms are connected to the
drated state. The specimen was imaged at 200keV,Fc stem by hinges (Figure 1). Each subunit has a similar
cooled with liquid nitrogen, and under low dose condi-
tions. Two-dimensional images, recorded over an angu-*Correspondence: sara.sandin@cmb.ki.se (S.S.), ulf.skoglund@cmb.
ki.se (U.S.) lar range of 120–125, were combined into three-dimen-
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sional tomograms using the principle of filtered back-
projection (Klug, 1978). Tomograms of unstained biolog-
ical material have a very low contrast and a high shot-
noise level, due to the low dose and the low relative
scattering difference between the protein and the sol-
vent. This led us to use the COMET image processing
and refinement procedure to increase the signal-to-
noise ratio of the tomograms. COMET has been tested
on the structurally well-defined adenovirus (Skoglund
et al., 1996) and on the hnRNP in the Balbiani ring genes
from dipteran Chironomus tentans (Miralles et al., 2000;
Wetterberg et al., 2001). Figure 2 shows reconstructions
of one IgG molecule, at resolutions in the range of
Figure 1. The Structure of IgG2a
20–120 A˚, before and after refinement. A pixel-thick
(A) A schematic illustration and (B) a space-filling depiction of the
(5.24 A˚) section through the tomograms is shown below,crystal structure (Harris et al., 1992) of an intact IgG2a molecule.
revealing the distribution of density. It is evident in Fig-The IgG consists of two light chains and two heavy chains, divided
ures 2A–2E and 2K–2O that the noise is progressivelyinto 12 domains (named constant heavy [CH1-3], variable heavy
[VH], constant light [CL], and variable light [VL]) of 110 amino acid elevated at higher and higher resolutions. The refine-
residues each, with a similar immunoglobulin fold. The domains are ment procedure reduces the effects of noise, and allows
arranged four by four, into three large subunits: the Fc stem (yellow) more details to be interpreted in the tomograms (Figures
and two identical Fragment antigen binding arms (red and orange).
2F–2J and 2P–2T).Two oligosaccharides (black), buried between the CH2 domains,
Figure 3 shows a gallery of five refined IgG molecules,broaden the upper part of the Fc subunit. Two long hinges of 19
with volume rendering in three dimensions. The mostamino acid residues, stabilized by interchain disulphide bridges,
connect the subunits. prominent features of the IgG molecules are three pro-
truding subunits, which we interpret as the two Fab arms
Figure 2. Tomograms of IgG before and after Refinement
Tomograms of one individual IgG molecule, including details to a resolution of 120, 90, 60, 30, and 20 A˚, before (A–E and K–O) and after (F–J
and P–T) COMET image processing; (K–T) 1 pixel thick section with reversed contrast, through each tomogram. The box is 40  40  35
voxels.
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Figure 3. Gallery of Refined IgG Tomograms
(A–E) A gallery of five individual IgG molecules, visualized by volume rendering, with intensities colored from red to blue. Four views separated
by 90 rotations around the vertical axis are shown. The box is 50  40  50 voxels.
and the Fc stem. The Fabs mediate bivalent antigen diffraction (Harris et al., 1992) after the latter have been
docked into the tomograms. The subunits were treatedbinding, and each Fab has a binding site located at the
end of the arm. The ellipsoidal shape and the spatial as rigid bodies and fitted automatically (Chacon and
Wriggers, 2002) through an exhaustive six-dimensionalarrangement of the Fab subunits are visible in the elec-
tron tomograms. Furthermore, the heart-shaped Fc (rotational and translational) search, in real space. The
X-ray structures fit extremely well into the electron tomo-stem can be clearly recognized by the broadening of
the upper part of the subunit, a region referred to as grams. Not only can the external shape of the IgG be
seen clearly in the tomogram but so too can the confor-CH2:CH2 (see Figure 1). On the other hand, the hinges
cannot be resolved in the tomograms, the resolution mation of the three subunits (50 k Da each). These
conformations can be clearly seen in the tomograms:being too low to identify single polypeptide chains.
the ellipsoidal shapes of the Fabs, and the heart-shape
of the Fc. A standard volumetric correlation analysisMultiresolution Docking and Correlation Analysis
Figure 4 shows tomograms of two individual antibodies, was done on each subunit by cross-correlating the to-
mogram with a density generated from the atomic mod-together with the atomic structures determined by X-ray
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Figure 4. Docked Structures of IgG
The crystal structure of the Fab arms (red and orange) and the Fc stem (yellow), are shown docked into the tomograms (green and gray wire
frames). Two views of each molecule are shown. The x, y and z axes are in red, green, and blue respectively.
els. The goodness-of-fit was similar for all six docked seen in the area between the subunits at low surface
rendering in gray (Figure 5).subunits; the correlation coefficient ranged from 0.82 to
0.89 at 20 A˚ resolution and from 0.88 to 0.94 at 30 A˚
resolution. In addition, the docked crystal structures of Large-Scale Flexibility Extends the Effective
the Fab arms and the Fc stem were assembled to create Binding Range of IgG
a complete model IgG molecule. This was then com- Figure 6 compares four molecules with each other and
pared with the tomograms (Figure 5). The correlation with the crystal structure. The correlation coefficients
coefficient for the fitting was 0.87 at 20 A˚ resolution and between the tomogram and the X-ray structure were
0.92 at 30 A˚ resolution. Treating the subunits as rigid sufficiently high to justify low-pass filtering of the struc-
bodies is, of course, a simplification. We expect the tures with a cut-off resolution of 30 A˚. This means that
correlation coefficients to increase if the flexible regions, the resulting densities allow us to compare large-scale
known as the “elbow,” were allowed to flex in the X-ray conformational variability. The individual IgGs were
structure during the docking procedure. Although resi- aligned to the crystal structure of the Fc stem and super-
dues in the hinge region are not visible at low resolution, imposed in groups of two (Figures 6A and 6B). The Fc
they contribute to the scattering contrast, as can be subunit is similar in all molecules and can be aligned
precisely. However, the interarrangements of the Fab
arms differ. The differences in conformation show sev-
eral types of flexibility, including hinge bending and rota-
tional displacement of the Fab arms relative to the Fc
stem. None of the antibodies are identical and the Fab-
Fc angles range from 63 to 156. The angle between
the Fab arms ranges from 88 to 141 (Figure 7). Further-
more, the arrangements of the Fab arms relative to the
Fc stem are not symmetrical within one IgG molecule.
Figure 6 shows that the conformational space occupied
by the antibodies is very large. The large-scale confor-
mational differences that we have detected support the
hypothesis that antibodies are inherently flexible. Fur-
thermore, the positioning of the individual Fab arms
shows that IgG has an extended effective binding range
for antigens in solution. The full population of possible
IgG structures can, however, only be discovered by work
on a larger number of individual antibodies.
There are two main results in this paper. (i) The first
is that three-dimensional structures of individual IgG
molecules in solution were obtained by cryo-electron
tomography. The tomograms show y-shaped IgGs with
three protruding subunits. In addition to the overallFigure 5. IgG Tomogram versus Assembled X-Ray Structure
shape of IgG, we identified two ellipsoidal subunits and
A comparison of one complete IgG molecule obtained by electron
one heart-shaped subunit. Docking of X-ray structurestomography and the assembled docked X-ray structure, at 20 and
into tomograms enabled us to recognize the subunits30 A˚. The entire densities on which the correlation analysis was
carried out are shown. Bar is 100 A˚. as two ellipsoidal Fab arms and a heart-shaped Fc stem.
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Figure 6. Large-Scale Conformational Variability of IgG
A comparison of the individual IgG molecules in solution to one another and to the crystal structure (C). The tomograms are aligned by the
Fc stem (in yellow), where the local 2-fold rotation axis is shown in white; and they are superimposed in groups of two (A and B). Three views
are shown, related by 90 rotations along y and x respectively.
The good agreement demonstrates that cryo-electron against a defined epitope of a protein, and solve the
tomography resolved the 50 kDa subunits with accu- structure of the antibody-protein in complex. The bound
racy. Thus, the method can provide new structural data antibody will provide useful structural information. A
of proteins with a molecular weight of 50 kDa if they domain will be pinpointed in the protein of interest. The
are tagged with, for instance, an IgG. We propose the overall structure will be larger, which will make it easier
following experimental strategy: make use of intact to find in the tomogram. The antibody can also be used
monoclonal antibodies (preferably not only the Fabs) as an internal control to check the accuracy of the recon-
struction. (ii) The second result is that the positions of
the Fab arms relative to the Fc stem differed greatly
from one molecule to another. The molecules we have
analyzed belong to the same protein subclass, they were
not constrained, and they were hydrated. Furthermore,
we have analyzed the structures of individual molecules,
without averaging. This meant that we could observe
the different structures that existed in solution, and this
revealed a large flexibility of IgG. This flexibility can allow
the IgG molecules a wider search range for antigens.
Our findings regarding the hydrodynamics of IgG extend
previous results obtained by X-ray analysis, electron
microscopy, and physicochemical experiments.
Figure 7. Distribution of Angles between IgG Subunits This study shows for the first time that cryo-electron
Simplified diagrams of the angles between (A) Fab1-Fc, (B) Fab1- tomography can provide new experimental data on the
Fab2, and (C) Fab2-Fc, translated to a common origin. Each color
intramolecular mobility and flexibility of proteins. Thus,represents one IgG molecule, the same colors are used here as
the distribution of individual structures can provide athose used in Figures 6A and 6B. The Fc stem in shown in yellow.
The crystal structure angles are shown in black. qualitative insight into the system dynamics.
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Experimental Procedures Due to the local 2-fold rotation axes of the Fc, the more similar
orientation of the Fab arms relative to the other IgG molecules were
selected. The tomographic angles in Figure 7 were determined byIgG Purification
The hybridoma cell line producing the mouse monoclonal IgG2a using the scalar products of vectors placed along the major axes
of each subunit.antibody (Okret et al., 1984) (i.e., 250 also called mab7) was grown
in a sterile, rotating Diacult dialysis tubing system (Labassco Go¨te-
borg, Sweden) using Spectra/Por 4 dialysis tubing (Spectrum, Ran- Acknowledgments
cho Dominguez, CA) with a molecular cut-off of 12–14.kDa. To avoid
contamination of the monoclonal antibody with bovine immunoglob- We thank W. Wriggers for implementation and evaluation of the
ulins, the cell medium, RPMI 1640 (Invitrogen, Paisley, Scotland, multiresolution docking procedures. We also thank G. Bricogne, D.
UK) was supplemented inside the tubing with 5% w/v IgG-free, Fanelli, G. Farrants, B. Strandberg, and W. Wriggers for discussions
bovine serum albumin (BSA) (Sigma Chemical Co., St. Louis, MO) and critical reading of the manuscript. This work was supported by
and 2 mM L-glutamine, 100 IU/ml penicillin and 100 g/ml strepto- grants from the Agouron Institute, the Karolinska Foundation, the
mycin2 (Invitrogen, UK). RPMI 1640 outside the tube was supple- Knowledge Foundation, the Swedish Foundation for Strategic Re-
mented with 8% v/v fetal calf serum (Saveen, Malmo¨, Sweden) in- search, and the Swedish Research Council. Please note that U.S.
stead of BSA. After 7–10 days in culture, at 37C in 5% CO2, the is the founder of Sidec Technologies AB, Sweden that holds the
content of the dialysis tubing was harvested and cells and debris patent rights for one of the softwares used in this study. However,
were removed by centrifugation for 10 min at 3000 g. The superna- COMET image processing is available for academic research
tant was diluted 1:2 with phosphate-buffered saline, pH 7.4 (PBS), through U.S., and commercially through Sidec Technologies AB,
and the immunoglobulin was purified on ProteinA sepharose 4b Sweden.
(Amersham Biosciences, Uppsala, Sweden), according to the manu-
facturers standard procedure. The purified monoclonal IgG2a was Received: October 16, 2003
dialyzed to PBS and 0.02% w/v sodium azide was added. The purity Revised: November 19, 2003
of the immunoglobulin was checked by SDS-PAGE, under reducing Accepted: November 22, 2003
conditions and subsequent staining by Coomassie brilliant blue R Published: March 9, 2004
(Fluka, Neu-ulm, Switzerland). The sample contained only two
bands, corresponding to immunoglobulin heavy and light chain.
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